Introduction {#s1}
============

Mechanotransduction and the role of physical force in mediating the unfolding of proteins to generate the signals required for development has been studied for more than a century. Proteins that mediate mechanotransduction serve as part of the 'molecular clutch' between the extracellular matrix (ECM) and the actomyosin cytoskeleton, first proposed in 1988 by Mitchison and Kirschner \[[@ETLS-2-727C1]\]. While there are over 50 proteins involved in mechanotransduction \[[@ETLS-2-727C2]\], here we will focus our attention on the main molecular components of the ECM--myosin pathway, and how protein unfolding and mechanical forces play a role in controlling focal adhesions and the contractile activity within cells. The ECM--myosin pathway is one of many mechanisms that drive cellular mechanotransduction. This pathway is still relatively poorly understood, but extremely important for comprehending key steps in organism development, and false activation during cancer. Here, we will take an in-depth look at some of the molecular components regulating this mechanotransducing path and their effects on cell shape and organism development. Finally, we propose a model on how this interaction might work *in vivo*.

Molecular mechanisms {#s1a}
--------------------

Proteins operating under force are generally segregated into several domains with varying stabilities \[[@ETLS-2-727C3]\]. Mechanical perturbations can lead to unfolding and extension of some of these protein domains. A profound new concept is currently gaining acceptance, that protein unfolding is a mechanism used to signal and interpret local mechanical cues, by exposing cryptic binding sites that are otherwise hidden from the solvent environment. As discussed below, this process was first demonstrated for the recruitment of vinculin by talin1 (referred to as talin from here on) in a force-dependent manner \[[@ETLS-2-727C4]\] ([Figure 1A](#ETLS-2-727F1){ref-type="fig"}). Figure 1.Mechanical unfolding and extension of proteins *in vivo* acts as a signaling pathway during integrin activation.(**A**) Schematics showing how force triggers the partial unfolding of the talin R3R4 domains, activating the binding of vinculin head. Adapted with permissions from ref. \[[@ETLS-2-727C4]\]. (**B**) Diagram of the energy landscape projection on the pulling coordinate, depicting how force drives the unfolding and extension of a protein domain. Left: Typically, mechanical force decreases the energy barrier with a value equal to the performed work \[[@ETLS-2-727C5]\] (which is the product between the force *F* and the distance to transition state *Δx*). Right: Catch-bonds show an increase with force of the barrier which separates the folded and unfolded states \[[@ETLS-2-727C6]\]. Following unfolding, proteins extend due to the entropic elasticity of the polypeptide chain \[[@ETLS-2-727C3]\]. We argue that this extension process is more important than the unfolding itself, as it allows for exposure of cryptic binding sites, such as those required by vinculin to bind to unfolded talin rod domains.

The best way to understand the effect of force on the structure and response of a protein is through its energy landscape \[[@ETLS-2-727C7]\], which represents frequently occupied states as minima ([Figure 1B](#ETLS-2-727F1){ref-type="fig"}). Mechanical forces have a two-fold effect on the energy landscape of a protein. First, force performs mechanical work on the energy barrier, which decreases proportionally \[[@ETLS-2-727C5]\] ([Figure 1B](#ETLS-2-727F1){ref-type="fig"}, left). An important exception to this rule is given by catch-bonds \[[@ETLS-2-727C6]\], where force-activation locks secondary structure elements in a clamp-like conformation \[[@ETLS-2-727C8]\] ([Figure 1B](#ETLS-2-727F1){ref-type="fig"}, right). When catch-bonds form, there is an initial increase with force of the barrier height separating the folded and unfolded states. Further increase in force will eventually drive the system to slip-bond kinetics, resulting in a non-monotonic catch-to-slip switching behavior \[[@ETLS-2-727C9],[@ETLS-2-727C10]\]. Second, force shifts the position of the folded and unfolded minima along the energy and extension coordinates. This last change in position was only recently recognized as important for protein unfolding, and is given by the entropic response of the denatured polypeptide chain \[[@ETLS-2-727C11]\]. Similar to a spring which lengthens proportionally with force, a peptide chain also unfolds and extends more under a higher mechanical perturbation. Indeed, as measured experimentally, the extension of the unfolded polypeptide chain depends on the experienced force and is independent of the amino acid sequence \[[@ETLS-2-727C3],[@ETLS-2-727C12]\].

Because proteins are exposed to a dynamic environment, where the thermal motion of the surrounding solvent molecules can have transient directions, protein unfolding and refolding is a probabilistic event. When repeatedly exposing a single protein to a given force, the same molecule takes a slightly different time to transition from the folded to the unfolded state. This variation in the dwell time can be explained by the multidimensionality of the folding energy landscape of a protein \[[@ETLS-2-727C10],[@ETLS-2-727C13]\]. This non-deterministic behavior means that, while less frequent, proteins will still unfold at low or zero forces, while this process, in the absence of catch-bonds, will be more frequent as force increases \[[@ETLS-2-727C14]\]. The main difference between low and high force is not the unfolding transition itself, but the extension reached following this process ([Figure 1](#ETLS-2-727F1){ref-type="fig"}). Many studies try to identify the experienced force-per-protein during mechanotransduction, to determine if domain unfolding and refolding takes place *in vivo*. If one accepts the fact that protein unfolding at the molecular level is a game of odds, the question should not be if a protein domain unfolds *in vivo*, but more importantly, how does the extension following unfolding of a protein domain under force drive the mechanotransduction process in one direction or another.

Cellular and tissue response {#s1b}
----------------------------

Cellular context is key to understanding mechanotransduction *in vivo*, as different cell types express different proteins that respond to force. In our opinion, two structures stand out as great models to study and understand vertebrate mechanotransduction *in vivo*: one is the formation of the highly conserved midbrain--hindbrain boundary (MHB) \[[@ETLS-2-727C15]--[@ETLS-2-727C17]\] and the other is the invagination of the optic cup \[[@ETLS-2-727C18],[@ETLS-2-727C19]\] ([Figure 2](#ETLS-2-727F2){ref-type="fig"}). Each structure originates from the neuroepithelium and depends on specific and unique aspects of the ECM--myosin mechanotransduction pathway. Figure 2.Live confocal images of MHB and optic cup development in the zebrafish neuroepithelium with schematics of localized mechanotransduction forces.(**A**) Live scanning confocal images of the zebrafish neuroepithelium at 16 hpf of the future MHB (left) and optic vesicle after it has evaginated from the neural tube (right). (**B**) Diagram of the 16 hpf zebrafish embryo. A specialized form of the ECM, the basement membrane, lines the entire basal surface of the tissues, separating the neuroepithelium from its surroundings. Black outlines indicate the basement membrane surrounding the tissue. Arrows indicate hypothesized orientation of forces that signal from the *outside-in* and *inside-out* to generate cell and tissue shape changes. (**C**) Live scanning confocal images of the zebrafish neuroepithelium at 24 hpf. The MHBC after the tissue has folded and the brain ventricles have inflated (left) and the optic cup and lens following invagination (right). (**D**) Diagram of a 24 hpf zebrafish embryo after the MHB and optic cup have folded basally. The MHB develops into a sharp constriction on the basal surface forming the MHBC. This is generated by the shortening of cells in the apical--basal direction, constriction of cells on their basal side, and expansion of cells on their apical side in the anterior--posterior direction. Force from ventricle lumen inflation is also hypothesized to be required for the acute tissue angle \[[@ETLS-2-727C15],[@ETLS-2-727C20]\]. The optic cup develops into a U-shaped structure that surrounds the developing lens. Cell migration around the rim of the optic cup into the neural retina and constriction of cells on their basal side bend the tissue. The live images were obtained using wild-type embryos injected at the single-cell stage with CAAX-GFP mRNA, to localize GFP to the cell membranes. At these stages of development, the tissues are composed of single layers of pseudostratified epithelial cells exhibiting apical--basal polarity. Anterior is to the right in all images.

Zebrafish are an excellent model for studying these morphogenetic events due to their fast development time, large sample sizes, and available genetic tools. Importantly, transparent zebrafish embryos allow for live imaging at both the cell and tissue level to study the mechanotransduction pathway *in vivo*. The MHB is a basal tissue fold in the embryonic brain that later becomes the cerebellum and part of the tectum \[[@ETLS-2-727C21]\]. In the zebrafish, between 16 somite stage (ss) (∼17 hours post fertilization, hpf) and primordium 6 (∼24 hpf), specific cell shape changes form the MHB constriction (MHBC). First, cells at the MHBC shorten in the apical--basal direction and narrow in the anterior--posterior direction \[[@ETLS-2-727C17]\], then MHBC cells constrict basally and expand apically \[[@ETLS-2-727C15]\]. Together, these cell shape changes result in a basally folded tissue ([Figure 2](#ETLS-2-727F2){ref-type="fig"}). Zebrafish optic cup morphogenesis occurs between 12 and 24 hpf, overlapping with MHB morphogenesis. At 16 hpf, the retinal neuroepithelium begins to invaginate and folds basally. This invagination process requires both epithelial cell migration around the rim of the optic cup (rim involution) and basal constriction of the retinal neuroepithelial cells \[[@ETLS-2-727C18],[@ETLS-2-727C19],[@ETLS-2-727C22]--[@ETLS-2-727C24]\]. Although the neuroepithelium folds basally to form the MHB and the optic cup, each structure has a unique shape. The MHB fold develops into a sharp, acute angle of constricted tissue, while the optic cup folds into a curved U-shape ([Figure 2](#ETLS-2-727F2){ref-type="fig"}). Mechanotransduction pathway components have been implicated in mediating both of these processes and will be discussed below, including comparisons of overlapping and distinct mechanisms utilized to form these unique structures.

Pathway proteins {#s2}
================

Extracellular matrix {#s2a}
--------------------

The ECM (extracellular matrix) is formed from secreted modular proteins, proteoglycans, and polysaccharides and is known to play major roles in cellular support and differentiation \[[@ETLS-2-727C25]\]. The modular proteins inside the ECM can respond to forces by unfolding and extending their domains and actively regulate the elasticity of tissues \[[@ETLS-2-727C26]\]. Force spectroscopy measurements have shown that the fibronectin domains (which contain the Arg-Gly-Asp or RGD site) unfold under forces ranging from 80 to 200 pN \[[@ETLS-2-727C27]\]. The measured extension of fibronectin indicates a force-per-molecule of \>120 pN, in the absence of any change in contour length \[[@ETLS-2-727C28],[@ETLS-2-727C29]\]. While unfolding was not yet directly measured *in vivo* for fibronectin, it is likely to happen if such high forces are reached. Owing to its randomly cross-linked multicomponent organization, the study of the ECM elasticity requires novel instrumentation and theoretical approaches \[[@ETLS-2-727C30]\].

The basement membrane, a specialized ECM, surrounds the developing neuroepithelium. One main component of this ECM is the heterotrimeric protein laminin, where the predominant isoform during early development is laminin-111 \[[@ETLS-2-727C31],[@ETLS-2-727C32]\]. During MHB morphogenesis, laminin is required for basal constriction and loss of laminin results in abnormal distribution of actin at the constriction point \[[@ETLS-2-727C15]\]. Loss of laminin in the optic cup results in multiple structural defects during morphogenesis \[[@ETLS-2-727C23],[@ETLS-2-727C24],[@ETLS-2-727C33],[@ETLS-2-727C34]\] and, as in the MHB, laminin is required for basal constriction of the tissue at the retina--lens interface \[[@ETLS-2-727C24],[@ETLS-2-727C34]\]. In contrast with the formation of the MHB, optic cup formation requires migration of epithelial cells ([Figure 2](#ETLS-2-727F2){ref-type="fig"}), and this process is laminin-dependent \[[@ETLS-2-727C18],[@ETLS-2-727C23],[@ETLS-2-727C35]\]. These migratory cells use lamellipodia to attach to the ECM and form dynamic basal adhesions to generate force for movement \[[@ETLS-2-727C23]\]. The ECM also has specific spatiotemporal roles during optic cup morphogenesis. During optic stalk constriction, *lam1a* promotes focal adhesions, but during invagination, it inhibits focal adhesions \[[@ETLS-2-727C18],[@ETLS-2-727C23]\], demonstrating the localized specificity of the mechanotransduction pathway during complex morphogenetic events. Interestingly, in zebrafish, proliferation is not required for proper optic cup morphogenesis, but is needed to form the MHB \[[@ETLS-2-727C36]\] and in the chick, tissue growth constrained by the ECM drives invagination of the optic cup \[[@ETLS-2-727C37]\].

Integrins {#s2b}
---------

Integrins are the transmembrane proteins responsible for recognizing and binding specific extracellular ligands ([Figure 3A](#ETLS-2-727F3){ref-type="fig"}). These glycoprotein receptors are formed of two non-covalently linked subunits: α and β. There currently are 24 known complexes, made from a pool of 18 α and 8 β subunits, which bind to ECM components \[[@ETLS-2-727C38]\]. These transmembrane complexes can be activated by binding to an extracellular ligand such as laminin (known as *outside-in* activation), or by the β-integrin subunit attachment to the cytoplasmic protein talin (known as *inside-out* activation). Figure 3.Organization of some multidomain proteins involved in mechanotransduction.(**A**) Schematics of several key proteins involved in the ECM--myosin pathway, all shown in their inhibited form. Intergrins form heterodimeric transmembrane complexes and link ECM to talin. Talin attaches between the cytoplasmic side of β-integrin and actin filaments and recruits vinculin by unfolding its rod domains. Vinculin links exposed talin binding sites with actin filaments, and can reinforce the talin--actin connection. NMII forms a dimer via its coiled-coil heavy chain, and its activation is controlled through phosphorylation of the RLC. (**B**) Detailed schematics of talin protein, composed of four head (FERM) domains and 13 rod (R) domains, and terminated with a dimerization domain (DD). Vinculin binding sites are marked in green and hidden inside the protein structure. The proteins involved in the ECM--myosin pathway are marked in red.

The activation of integrins is fascinating, as it has one of the largest known molecular ranges of motion, which gets transmitted over a length of 15--20 nm through the plasma membrane and leads to a 7 nm increase in separation between the cytoplasmic ends \[[@ETLS-2-727C39]\]. The force generated by a single integrin complex on the ECM is still subject to debate, and was reported to be as high as 54 pN \[[@ETLS-2-727C40]\]. A catch-bond mechanism was recently reported between α~5~β~1~ integrins and their fibronectin ligand, with a maximum value at ∼35 pN \[[@ETLS-2-727C41]\]. An interesting mechanism was also shown for the interaction of the α~v~β~6~ integrins with the pro-domain of the Transforming Growth Factor (isoform β1, pro-TGF-β1) \[[@ETLS-2-727C42]\]. Similar to a feed-forward loop, this integrin complex binds to the ECM and starts pulling on the bowtie-like structure of pro-TGF-β1, it partially unfolds it and makes it release the growth factor (GF). The uncaging of the GF from the ECM is followed by its capture via its specific membrane receptors, which can lead to activation of more integrins through inside-out activation.

The role for integrins during eye formation has been established in a variety of vertebrates including teleosts, chick, and in human embryonic stem cell cultures \[[@ETLS-2-727C19],[@ETLS-2-727C43],[@ETLS-2-727C44]\]. One study in medaka defined a role for integrin-mediated adhesion to the ECM for proper optic cup morphogenesis where trafficking and regulation of integrin endocytosis at the retinal epithelial basal surface is essential for optic cup invagination \[[@ETLS-2-727C45]\]. In addition, dynamic foci of integrin-β1 was shown on the basal side of cells during rim cell migration \[[@ETLS-2-727C23]\]. The role of integrins in MHB formation has yet to be examined, but is hypothesized to be critical for the sharp tissue fold.

Talin {#s2c}
-----

Talin is the molecular computer of cellular mechanotransduction, which accepts as inputs mechanical and biochemical signals, and, as output, drives cytoskeleton assembly and formation of focal adhesions. In its inactive form, talin is self-inhibited, with domain F3 from the FERM section being attached to rod domain R9 \[[@ETLS-2-727C46]\] ([Figure 3](#ETLS-2-727F3){ref-type="fig"}). Talin activates upon tethering to at least one β-integrin and one actin filament \[[@ETLS-2-727C47],[@ETLS-2-727C48]\]. Talin can bind to the β subunit of the integrin complex through its N-terminal FERM domain F3, as well as through its R11 domain \[[@ETLS-2-727C49]\]. There are three actin binding sites, one in the F2--F3 region of the FERM domains, and two in the rod region: R4--R8 and R12-DD (dimerization domain). There are many binding partners which act as biochemical inputs for talin and dock in various regions along the molecule. An interesting architecture is seen for the talin R7--R8 domains. The structure of the R8 domain is sequestered in-between the first two and last two helixes of the R7 domain. Hence, R8 is mechanically protected by R7 \[[@ETLS-2-727C47],[@ETLS-2-727C48]\], and will only experience force when the R7 domain unfolds, acting as an 'antenna' domain. This feature makes R8 one of the most 'popular' domains \[[@ETLS-2-727C50]\], and the only binding site on talin for DLC1. Interestingly, zebrafish talin mutants demonstrate neural crest cell migration defects \[[@ETLS-2-727C51]\] and later structural defects in the eye where the choroid fissure fails to fuse \[[@ETLS-2-727C52]\]. Additional careful investigation into the role for talin in MHB formation and optic cup invagination in these mutants is warranted.

Vinculin {#s2d}
--------

Vinculin, similar to talin, is found in solution in an auto-inhibited form ([Figure 3A](#ETLS-2-727F3){ref-type="fig"}) and becomes activated when it is tethered between an actin filament and a talin, α-actinin, or α/β-catenin molecule \[[@ETLS-2-727C53]--[@ETLS-2-727C56]\]. The force-activated binding between talin and vinculin was the first reported example where unfolding and extension due to local mechanical force of talin rod domains leads to exposure of vinculin binding sites, which otherwise stay latent inside the folded structure \[[@ETLS-2-727C4],[@ETLS-2-727C57]\] ([Figure 1A](#ETLS-2-727F1){ref-type="fig"}). There are a total of 11 vinculin binding sites buried inside the structure of nine talin rod domains (marked with green in [Figure 3B](#ETLS-2-727F3){ref-type="fig"}). It was shown experimentally that the average force required to unfold most talin rod domains lies between 5 and 25 pN, at loading rates between 5 and 40 pN/s. \[[@ETLS-2-727C47],[@ETLS-2-727C48]\], while helix bundles have a stability between 25 and 35 pN \[[@ETLS-2-727C58]\]. Hence, a low force, below \<5 pN, would not suffice to unfold and extend talin domains, while a high force, \>35 pN, would result in the breaking of the alpha helical structures needed for vinculin to bind. Vinculin was also recently reported to form a directional catch bond with its actin substrate \[[@ETLS-2-727C59]\]. The maximum bond strength for the vinculin--actin interaction was measured under constant force conditions at ∼8 pN \[[@ETLS-2-727C59]\]. This interaction favors a precise directional binding toward the negative end of the polar actin filament \[[@ETLS-2-727C59]\]. It was recently reported that in zebrafish, zygotic vinculin is not essential for early development, although phenotypes, where both vinculin A and vinculin B isoforms were knocked out, failed to survive after embryonic stages \[[@ETLS-2-727C60]\]. The authors reported defects in craniofacial development, which would implicate a role for vinculin in neural crest cell migration and the mechanotransduction pathway. Therefore, it is likely that cellular level defects are present in vinculin double mutants, but were not detected using the techniques presented. Furthermore, in laminin mutants, vinculin was increased at the lens-retina interface during optic cup invagination \[[@ETLS-2-727C34]\], and it was hypothesized that laminin may be critical to limit the stiffness of the ECM network in this region.

Deleted in liver cancer-1 {#s2e}
-------------------------

Deleted in liver cancer-1 (DLC1) protein was first discovered as deleted or down-regulated in liver cancer patients \[[@ETLS-2-727C61]\] and it was first shown to bind and activate Rho-GTPase protein RhoA \[[@ETLS-2-727C62]\]. DLC1 is a RhoGAP protein that acts as a down-regulator for focal adhesions, as it inhibits the activation of Rho-GTPase by accelerating their intrinsic GTPase activity \[[@ETLS-2-727C63],[@ETLS-2-727C64]\]. DLC1 was also shown to bind talin at the R8 antenna site \[[@ETLS-2-727C65],[@ETLS-2-727C66]\]. An interesting single molecule study recently showed that recruitment of DLC1 by talin enhances the assembly and contraction of myosin motors \[[@ETLS-2-727C67]\]. In this case, the authors have engineered a disulfide bond inside the R7 protective structure, to prevent its unfolding and enhance the R8-DLC1 interaction, which decreased the myosin contractile activity. To date, DLC1 has not been examined during MHB or optic cup morphogenesis; however, it is likely that DLC1 also plays an important role in the ECM--myosin mechanotransduction pathway that mediates these tissue folds and should be investigated.

Rhoa/ROCK {#s2f}
---------

The small GTPase, RhoA, is a member of the Ras homology family of GTPases and has many critical cellular functions \[[@ETLS-2-727C68]\]. RhoA is a molecular switch that oscillates between an active (GTP bound) and an inactive (GDP bound) states, where activation occurs with the exchange of a GDP for GTP via the guanine nucleotide exchange factors (GEFs). The inactivation is mediated by GTPase activating proteins (GAPs) by increasing GTP hydrolysis. There are more than 70 GEFs and 70 GAPs that are known to mediate Rho activity. Each is tightly regulated with cell-type specificity \[[@ETLS-2-727C69],[@ETLS-2-727C70]\]. While these molecules themselves do not appear to unfold under force, they are critical signaling mediators in mechanotransduction. RhoA activation, by intrinsic or extrinsic cues, can initiate a wide variety of signaling cascades to mediate morphogenetic events in response to force \[[@ETLS-2-727C71]\]. In its active state, RhoA transduces its signal to a variety of proteins including Rho-associated kinase (ROCK). ROCK phosphorylates and activates myosin regulatory light chain (RLC), resulting in actomyosin contraction via activation of non-muscle myosin II (NMII) \[[@ETLS-2-727C72]\]. In addition, ROCK phosphorylates the myosin phosphatase target subunit 1 (Mypt1), and this phosphorylation allows for continued NMII contraction \[[@ETLS-2-727C72]\]. In zebrafish *mypt1* mutants, where NMII is overactive, hyper-contracted neuroepithelial cells result in abnormal brain morphogenesis \[[@ETLS-2-727C17],[@ETLS-2-727C73]\].

Non-muscle myosin II {#s2g}
--------------------

NMIIs are known to be important for cell adhesion, cell motility, and cellular architecture, all of which are critical for cell shape and cell migration during development \[[@ETLS-2-727C74]--[@ETLS-2-727C76]\]. NMIIs are hexameric proteins composed of three pairs of peptides that includes two heavy chains, two RLCs, and two essential light chains (ELCs) (see also [Figure 2](#ETLS-2-727F2){ref-type="fig"}). They interact with themselves and actin filaments to generate contractile forces \[[@ETLS-2-727C77]\]. To tether actin and drive contraction, NMII heavy chains assemble into bipolar filaments. NMII activity is regulated through reversible phosphorylation by kinases such as ROCK on specific amino acids present in its RLC, or via phosphorylation of the heavy chain itself, which prevents the filament assembly \[[@ETLS-2-727C74]\]. Conformational changes during myosin light chain phosphorylation increase the total ATPase activity and enable the assembly of NMII into bipolar filaments, without affecting the myosin head--actin interaction \[[@ETLS-2-727C74]\]. During the power stroke, myosin takes discrete steps of ∼11 nm and generates forces of 3--4 pN per head \[[@ETLS-2-727C78]\]. In zebrafish, NMII proteins are required for MHB morphogenesis and NMII isoforms have differential roles in mediating the cell shape changes required to fold the neuroepithelium. NMIIA (encoded by *myh9b*) is required for regulation of apical--basal cell length and NMIIB (encoded by *myh10*) is required for regulation of anterior--posterior cell width \[[@ETLS-2-727C17]\]. Actin levels at the MHBC are also NMII-dependent \[[@ETLS-2-727C17]\]. However, the molecular mechanisms that determine differential function and activation of NMIIA versus NMIIB within the same cells in an *in vivo* system remain unknown. In the optic cup, retinal neuroepithelial cells accumulate myosin RLC and actin basally \[[@ETLS-2-727C23],[@ETLS-2-727C24]\] and cells exhibit actomyosin pulsatile behavior, which correlate with the episodic contractions to basally constrict the cells \[[@ETLS-2-727C24]\]. Laminin knockdown appeared to stabilize myosin RLC foci, which correlated with decreased basal contractility \[[@ETLS-2-727C24]\]. Chemical inhibition of ROCK slowed the myosin kinetics; however, it did not completely prevent optic cup invagination \[[@ETLS-2-727C23]\], suggesting that invagination of the optic cup can also occur via compensatory mechanisms. These studies of the optic cup invagination did not examine NMII isoform-specific roles.

Model for the ECM--myosin pathway {#s3}
=================================

The elasticity and biochemical environment of the ECM influences and is influenced by the neighboring cells. Similar to a tug-of-war, cells need to balance the mechanical forces developed with the ECM through changes in their internal structure ([Figure 4](#ETLS-2-727F4){ref-type="fig"}). During *outside-in* activation, binding of integrin to an extracellular ligand, such as the RGD sequence of fibronectin, triggers the cytoplasmic recruitment of talin and formation of connections to the actin-based cytoskeleton \[[@ETLS-2-727C79],[@ETLS-2-727C80]\]. As the force between matrix and cytoskeleton increases, mechanical unfolding of the rod domains of talin exposes up to eleven vinculin binding sites, which cross-links talin to more actin filaments \[[@ETLS-2-727C4],[@ETLS-2-727C56],[@ETLS-2-727C81]\]. Unfolding has a two-fold effect. First, as the force on talin increases, the release of contour length due to unfolding acts as a 'safety valve', resetting the force to a low value \[[@ETLS-2-727C48]\]. Second, the new talin--actin connections via vinculin reduce the overall force, which is now distributed over more connections. Hence, the talin--vinculin--actin pathway maintains the overall force at a relatively constant value. Figure 4.Schematics of the proposed mechanism for the ECM--myosin mechanotransduction pathway.(**A**) Binding of integrins to an extracellular ligand on the ECM triggers opening of the integrin complex and talin recruitment at the plasma membrane. Activated talin attaches to actin and responds to mechanical force by unfolding and extending its rod domains. These unfolding events trigger vinculin recruitment, which reinforces the connection between talin and actin. Folded R8 domain can bind the DLC1--RhoA--ROCK complex, which down-regulates the activity of any non-muscle myosin motor molecules present in its proximity. (**B**) Schematics of the ECM--myosin pathway. Talin unfolding and vinculin reinforcement maintain the experienced force in a narrow (almost constant) range. Mechanically triggered unbinding of DLC1 can allow for active RhoA-ROCK to activate NMII contractility. This results in the movement of more actin filaments close to the plasma membrane, leading to a decrease in the experienced force.

A unique location on the talin protein is the rod domain R8, which is protected from force by its only neighbor, R7, and can act as a molecular antenna. As long as R8 is folded, it can bind to DLC1 \[[@ETLS-2-727C66],[@ETLS-2-727C67],[@ETLS-2-727C82]\]. As DLC1 down-regulates local Rho-GTPase by accelerating their intrinsic GTPase activity \[[@ETLS-2-727C63],[@ETLS-2-727C64]\], its absence due to unfolding of R8 under force will increase the catalytic activity of Rho-GTPase/ROCK complex and lead to activation of NMII through phosphorylation. Through its contractile action, NMII can bring actin filaments closer to the plasma membrane and closer together. Through this mechanism, the force on the talin--vinculin--actin junctions can decrease, if enough actin filaments are present close to the plasma membrane and limit the growth of the actin network. This decrease in force can ultimately lead to refolding of R8, recruitment of DLC1 and inactivation of myosin. A second pathway may also be possible: a bound DLC1 close to the plasma membrane can act as a local off switch. In this case, as myosin molecules approach the plasma membrane and encounter an active talin--DLC1 complex, ROCK will be deactivated, preventing further myosin contraction.

Conclusion and future directions {#s4}
================================

Discerning the ECM--myosin mechanotransduction pathway is key for elucidating the mechanisms of how genetic mutations and environmental factors can ultimately lead to detrimental multifactorial diseases, birth defects, or cancer; however, our understanding of this pathway is currently limited. Many basic developmental processes require this pathway, including the cell shape changes and cell migratory mechanisms that form the brain, eye, and facial structures. Talin and vinculin mutants demonstrate neural crest cell migration defects that can lead to abnormal craniofacial development \[[@ETLS-2-727C51]\], and talin mutants also exhibit ocular colobomas \[[@ETLS-2-727C52]\]. In addition, talin overexpression was also related to prostate cancer \[[@ETLS-2-727C83]\]. As evidence of the involvement of the ECM--myosin pathway, numerous cancers are characterized by the deletion of the gene coding for DLC1 \[[@ETLS-2-727C82]\]. DLC1 was shown to act as a tumor suppressor both *in vivo* and *in vitro*, but its mechanism of action in this process is not currently understood \[[@ETLS-2-727C63],[@ETLS-2-727C84]\]. Further investigation into this pathway also has the potential for increasing our understanding of how human mutations in the gene that encodes for a non-muscle myosin IIA (*MYH9*), an NMII isoform, leads to *MYH9*-Related diseases \[[@ETLS-2-727C85]\]. Hence, understanding the control on actin recruitment and cytoskeleton remodeling will become a valuable tool to elucidate the etiology of genetic mutations, birth defects, and cancer metastasis.

Summary {#s8}
=======

-   The ECM--myosin pathway for mechanotransduction is responsible for determining cell morphology during development.

-   Unfolding and extension under force of several multidomain proteins, such as talin and vinculin, allow cells to arrange their cytoskeleton in response to the elasticity of the ECM.

-   Recruitment of DLC1 close to the plasma membrane by activated talin molecules acts as a molecular turn-off switch for myosin contraction.

-   Understanding the ECM--myosin pathway will help better understand the cause of detrimental multifactorial diseases, birth defects, or cancer.
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